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Abstract 
 
When making phone calls, cellphone and smartphone users are exposed to radio-frequency 
(RF) electromagnetic fields (EMFs) and sound pressure simultaneously. Speech intelligibility 
during mobile phone calls is related to the sound pressure level of speech relative to potential 
background sounds and also to the RF-EMF exposure, since the signal quality is correlated 
with the RF-EMF strength. Additionally, speech intelligibility, sound pressure level, and 
exposure to RF-EMFs are dependent on how the call is made (on speaker, held at the ear, or 
with headsets). The relationship between speech intelligibility, sound exposure, and exposure 
to RF-EMFs is determined in this study. To this aim, the transmitted RF-EMF power was 
recorded during phone calls made by 53 subjects in three different, controlled exposure 
scenarios: calling with the phone at the ear, calling in speaker-mode, and calling with a 
headset. This emitted power is directly proportional to the exposure to RF EMFs and is 
translated into specific absorption rate using numerical simulations. Simultaneously, sound 
pressure levels have been recorded and speech intelligibility has been assessed during each 
phone call. The results show that exposure to RF-EMFs, quantified as the specific absorption 
in the head, will be reduced when speaker-mode or a headset is used, in comparison to calling 
next to the ear. Additionally, personal exposure to sound pressure is also found to be highest 
in the condition where the phone is held next to the ear. On the other hand, speech perception 
is found to be the best when calling with a phone next to the ear in comparison to the other 
studied conditions, when background noise is present. 
 
1. Introduction 
Smartphones are nowadays commonly used for communication and entertainment. In order to 
enable a majority of their functionalities, these devices communicate wirelessly with a 
*REVISED Manuscript (Clean version)
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network. To this aim, they emit radio-frequency (RF) electromagnetic fields (EMFs) using 
antennas that are incorporated in the device. On the one hand, these EMFs are emitted by 
mobile devices (uplink) and on the other hand by the wireless network infrastructure 
(downlink).  RF radiation can be absorbed in dielectric tissue, such as the tissues that make 
up the human body. This absorption is commonly quantified using the specific absorption 
rate (SAR). In order to prevent excessive tissue heating, the SAR is limited by international 
guidelines (ICNIRP, 1998) and international standards exist in order to assess the SAR-
compliance of smartphones (IEC, 2001). Every smartphone that is sold on the market has to 
be certified in this way. Consequently, there are a large number of SAR values available for a 
given emitted power (TX power) of smartphones. The SAR values obtained using these 
standardized tests are intended to be conservative estimates of the maximum potential SAR 
during phone usage, but provide no insight in the variations in SAR that might occur during 
actual use. Several studies have demonstrated that this SAR will depend on several subject-
specific factors. The actual SAR will depend on the type of phone and used antenna (Gosselin 
et al., 2011; Kühn, et al. 2013b), the morphology of the subjects’ head (Adibzadeh et al., 
2015), the age-dependent tissue properties of the subjects’ bodies (Christ et al., 2010; 
Gosselin et al., 2011), the phone position and tilt next to the head (Ghanmi et al., 2014), the 
shape and posture of the hand holding the mobile phone (Li et al., 2012), the used 
applications such as browsing or streaming video (Joseph et al. 2010), the used simulation 
software to determine a mobile phone’s SAR (Siegbahn et al., 2010), and off course the 
power emitted by the phone (Kühn and Küster, 2013a). 
SAR data are not representative for personal exposure if the associated emitted power of the 
phone is unknown (Kühn and Küster, 2013a). There are previous studies that registered 
transmitted (TX) powers during smartphone usage by a real subject. These TX data are 
available to the network operators (Lonn et al., 2004; Gati et al., 2010; Persson et al., 2012; 
Joshi et al., 2015) in order to tune the coverage and power consumption of the wireless 
network, but is hidden from the user. In Joseph et al. (2013) duty cycles for Wireless Fidelity 
(WiFi) applications are used to determine personal exposure estimates. However, this data is 
not usable for cellular technologies. Additionally, published TX data contain no behavioral 
information of the user, which can have a large influence on the induced SAR (Krayni et al., 
2016, 2017). A previously proposed technique (Wiart et al., 2000; Hillert, et al., 2006; 
Morrissey, 2007; Vrijheid et al., 2009; Kelsh et al., 2011; Kühn and Kuster, 2013a; Aerts et 
al., 2015) suggests the usage of application software on the smartphone or software 
modification on the smartphone in order to register TX powers during phone calls. However, 
the data provided in the aforementioned studies is either limited to a single subject (Wiart et 
al., 2000; Aerts et al., 2015), set-up with a phantom (Kühn and Kuster, 2013a), configurations 
with both a phantom and subject(s) (Kelsh et al., 2011), or volunteers with unknown 
behavioral patterns (Morrissey, 2007). 
Although it is still unclear what the true exposure to RF radiation is during smartphone usage, 
most studies are convinced that the uplink exposure will be dominant (Lauer et al., 2013; 
Bolte et al., 2012; Roser, et al. 2013) in comparison to the downlink one. Therefore, current 
research efforts are focused on estimating this uplink exposure (Foerster et al., 2018) and 
finding potential ways to reduce uplink exposure. The techniques to reduce this exposure fall 
into two categories: technological and non-technological means of reducing exposure. The 
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former methods focus on the introduction of a management of the exposure on a network 
level (Varsier et al., 2015) or on the level of the design of the phone, while the latter focus on 
behavioral aspects of the users with the current technology (FCC, 2017).  An intuitive 
measure to reduce the SAR, at least in the subject’s head, is to advice the usage of a headset 
or speaker mode while calling (FCC, 2017), since this increases the distance between one’s 
head and the emitting phone. However, it is not clear that this might also have an impact on 
the power emitted by the phone. Numerical simulations have already demonstrated that the 
SAR induced by uplink depends heavily on the location and output power of a mobile phone 
(Gosselin et al., 2011), but are unsuitable to detect a potential correlation between location 
and output power, which might occur due to protocols in the network. Our goal is to measure 
whether the usage of a headset or speaker-modus actually reduces one’s RF-EMF exposure to 
mobile phone uplink radiation. 
Obviously, during phone calls a user is also exposed to sound emitted by the phone, and this 
exposure might have a negative impact on (perceived) hearing quality (Patel and Qureshi, 
2013) and, similarly to RF-EMF exposure, depends on the usage scenario, i.e. using a headset 
or speaker mode can result in other exposure than using a smartphone at the ear. Additionally, 
both the sound pressure level at the ear and the usage scenario can influence speech 
intelligibility. This is a measure of how comprehensible speech is under certain hearing 
conditions, i.e. correct perception, identification, and repetition of speech signals, in this case 
isolated words. Smits and Houtgast (2004) demonstrated that speech intelligibility is lower 
for mobile phones in comparison to phones that use a fixed landline connection. However, no 
relationship with sound pressure level and usage scenario was shown for mobile phones.  For 
three mobile phones evaluated by Jørgensen et al. (2015), transmission of speech through the 
mobile phones under study led to degraded speech intelligibility in comparison to the 
reference condition without transmission through mobile phones (Jørgensen et al., 2015). 
The goals of this study are: first, to determine whether behavioral aspects can have an 
influence on the SAR induced by a smartphone; second, to quantify speech intelligibility and 
in-ear sound pressure level during those same exposure scenarios; and finally, come to a 
conclusion about which of the three studied scenarios results in the lowest co-exposure to RF-
EMF and in-ear sound pressure and whether changing from one usage scenario to another can 
serve as a non-technological way of reducing exposure to one or both of the studied physical 
agents. The novelties of this study are the following:  we have measured, for the first time, 
the RF power emitted by a mobile phone during phone calls made by 53 subjects in a 
controlled environment in three exposure conditions: a call next to the ear, a call with headset 
(or earplugs), and a call using speaker-mode. These powers are then translated into SAR 
values. To our knowledge, this is the first study that reports SAR values and emitted powers 
obtained using actual phone calls made by several volunteers in controlled exposure 
conditions. In addition, it is also to the authors' best knowledge, the first paper studying the 
joint exposure to sound and RF-EMF. 
 
2. Materials and methods 
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2.1. Study design 
53 healthy subjects aged between 19 and 31 years (32 females and 21 males) were divided 
into two test groups of 29 (21 female and 8 male) and 24 (11 female and 13 male) subjects, 
respectively. The study was reviewed and approved by the ethical committee of Ghent 
University’s Hospital. All subjects read and signed an informed consent form prior to the 
study. Subjects were recruited from the authors’ colleagues and acquaintances, hence the 
relatively tight age span. We did not do a random population sampling in terms of age. This 
also ensured that all participants had normal hearing, and speech intelligibility would not 
have been influenced by (age-related) hearing loss. Additionally, the subjects’ hearing was 
tested using tonal audiometry using the modified Hughson-Westlake technique. Air 
conduction thresholds were measured at octave band frequencies between 250 Hz and 8000 
Hz. Participants were required to have a hearing threshold of 25 dB HL or better. Each group 
was assigned a different measurement site. The first measurement site was a one-room office 
(approx. 4 x 4 x 3 m³) in Ghent, Belgium, on the ground floor of a relatively old university 
building (Sint-Pietersnieuwstraat 41, 9000 Ghent, Belgium), while the second site was an 
office of slightly smaller dimensions (3 x 2 x 3 m³) on the 5th floor of a modern (built in 
2015) office building in Ghent (Technologiepark-Zwijnaarde 126, 9052 Ghent, Belgium). 
The first site featured single pane windows and brick walls, whereas the second building had 
double pane windows with reflective coatings as façade of a reinforced concrete structure.  
We expected an influence of the building structure on the indoor coverage by the (outdoor) 
wireless network. The coverage level influences the phone’s emitted power levels. The 
experiments took place in the fall of 2015 and the spring of 2016. 
The subjects were first asked to fill out a questionnaire related to their phone use. This 
questionnaire asked for personal characteristics such as: age, profession, preferred ear for 
phone calls, preferred hand for phone calls, whether the  subject had previously used a mobile 
phone in one of the 3 studied conditions, and which of these conditions represented their 
average use. The dominant ear indicated in this questionnaire was used in further experiments 
with that subject. Full body length and body mass index were registered as well, but not 
further processed.  After filling in the questionnaire, the subjects took place in a chair with 
the back of their heads against a headrest, which was adapted to their body height (Figure 1). 
The subjects were asked to keep their head in this pose during any call they made. Each 
subject was asked to make 18 phone calls with a duration of 5 minutes each (the used phone 
is discussed in the next section). They were asked to repeat the text they heard during each 
call. This ensured that data was recorded by the phone’s microphone and that data was 
transmitted from the user to the network and consequently emitted RF power. Six of the calls 
were made while holding the phone next to their ear of preference, while using their hand of 
choice (no instructions were given). This exposure situation is referred to as ‘At Ear’. A 
headset consisting of two earplugs connected using a wire to the same phone was used during 
six more calls (JIB Rasta, Skullcandy, Park City, Utah, USA). This situation is denoted 
‘Headset’. We did not use a wireless headset in order to avoid any RF-EMF exposure induced 
by the use of the headset. The remaining six calls were made using speaker mode, referred to 
as ‘Speaker’. The phone was placed on a fixed position on the desk in front of the subject 
during the headset and speaker-mode calls, 50 cm from the back of the subject. The order in 
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which the calls took place was randomized and was communicated to the subject before each 
call. 
 
Figure 1. Illustration of the exposure set up. 
 
2.2 RF Measurements 
All calls were made using the same Nexus 5 (Google, Alphabet Inc. Mountain View, CA, 
USA). This phone was equipped with the Azenqos application (Freewill FX Company 
Limited, Bangkok, Thailand, http://www.azenqos.com/) (Aerts et al., 2015), which provides 
amongst other information the power transmitted by the phone (TX power) and received by 
the phone from the active base stations (RX power) during e.g. a telephone call or data traffic, 
with the phone using either the Global System for Mobile Communications (GSM) (i.e. the 
GSM 900 MHz and GSM 1800 MHz frequency bands) or 3rd generation (3G) Wideband 
Code Division Multiple Access (WCDMA) networks. This application ran a script through 
which the subject’s phone made 18 calls (randomized order of content, same content for each 
subject) with 45 s intervals between each call. During these calls, the application registered 
the TX power (the power which was provided to the phone’s antenna) in the 900 MHz (879-
915 MHz), 1800 MHz (1710-1785 MHz), and 1900 MHz (1900-1980 MHz) uplink bands 
(Aerts et al., 2015). The frequency band was not fixed. The network provider chose which 
frequency band and technology (2G, 3G or 4G) was used, similar to real use-case scenarios. 
Other data provided by the application used in this study were the timestamps of each 
measurement, the used technology, and the activity log. The activity log indicated when a call 
was initiated and when it was terminated by providing a status of the phone. These were 
combined with the timestamps to determine the beginning and the end of each call. All 
timestamps in-between the beginning and the end of a call were saved, together with the 
corresponding TX powers. These were then used in the post-processing to assign each 
measured value to the correct subject and exposure situation. The TX power was stored in 
two different formats, depending on the used technology. First, in the GSM 900 (around 900 
MHz) and GSM 1800 (close to 1800 MHz) bands, the TX powers were stored as power level 
numbers (Kelsh et al., 2011). These can be converted to powers in decibel milliwatt (dBm). 
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These powers are recorded with a resolution of 1 dB (Kelsh et al., 2011). Second, for 
WCDMA, the TX powers are directly logged in dBm. The used phone could not use the LTE 
technology at the time of the experiment.  
2.3 Experimental Setup for Sound Measurements and Speech Intelligibility 
The experiments were performed in three types of background noise conditions: train noise, 
car noise, and no additional background noise (‘quiet’). The train and car noise were recorded 
with a B-field microphone. From those recordings, fragments were selected to have minimal 
fluctuation in the presented background noise. For the experiments at test site 1, the sound 
fragment was converted to be compatible with the 5.1 surround system using Sound Forge 
pro 10.0 (Sony Corporation, Minato, Tokyo, Japan). For test site 2, a stereophonic setup was 
used and the same sound fragments were converted accordingly.  
At test site 1, playback was done using five loudspeakers (Adam SX 1, Adam Audio, Berlin, 
Germany) and two subwoofers (Adam Sub8, Adam Audio, Berlin, Germany). The speakers 
were connected to a 24-channel sound card (Alpha-Link MADI AX, Solid State Logic, Inc., 
NY, New York, USA) connected to a desktop PC playing the sound fragments using Sound 
Forge Pro 10.0. For site 2, the space was smaller and therefore the setup had to be downsized, 
using two loudspeakers and one subwoofer, using the same equipment as in test site 1. For 
both sites, it was verified that the LAeq (the A-weighted equivalent continuous sound level in 
decibel measured over 10 minutes) level of the playback matched the original recordings, i.e. 
70.0 dB(A) for the car noise and 57.4 dB(A) for the train noise. 
Measurements of the sound pressure level (SPL) at the eardrum were done using an Aurical 
microphone, which is clinically used for measurement of hearing aid output at the eardrum. 
The Aurical microphone was calibrated in an anechoic room with a high-quality free-field 
microphone in accordance to previous work (Bockstael, 2009). As the measurements of the 
Aurical appeared unstable above 5000 Hz, only the calibrated spectrum between 100 Hz and 
5000 Hz was finally used to calculate the sound pressure level at the eardrum. 
Prior to each listening condition (combination of background noise and position of the 
telephone: nine configurations in total), the participant was instructed to set the playback 
level of the telephone at a comfortable level, listening to a high quality recording of a 
documentary-style lecture.  
For the actual speech intelligibility testing, recordings of the Dutch BLU word list (Wouters, 
1994) – routinely used in speech audiometry – were played back to the mobile phone calling 
via Skype (Skype was used on the researchers end of the channel, not on the subjects’ phone). 
Words were presented one word at a time, allowing the participant to repeat each word right 
after it was presented. Participants were asked to repeat each word as accurately as possible. 
Each list of the BLU consists of 10 words, and for each list the speech intelligibility score 
was the percentage of completely correctly identified words. The word list was randomized 
across all the exposure conditions. 
After each test condition, participants were asked to rate on a scale from 1 to 5 how agreeable 
it was to listen to the speech in that condition (self-reported agreeability). At the very end of 
the experiment, participants were asked to complete a short questionnaire about their 
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demographic data (age, gender, education), their dominant hand, and their use of smartphones 
(duration of usage, use of in-ears or speakers, preferred ear to use when calling). 
 
 
 
 
2.4 Numerical Simulations for SAR Determination 
The subjects were exposed to RF EMFs emitted by the smartphone. Part of RF EMFs are 
absorbed in the human body. This absorption is quantified using the SAR. This quantity is 
commonly averaged over a certain volume, mass, or tissue. In compliance studies, SAR is 
often averaged over the whole body or over 10 g cubes (ICNIRP, 1998). However, studies 
that focus on exposure to RF-EMFs from mobile phones commonly focus on exposure of the 
brain or brain regions (Schoeni et al., 2015; Guxens et al., 2016; Roser et al., 2016; Foerster, 
et al. 2018). Therefore, in this study, we have chosen to look at the brain-specific SAR 
(SARbrain) (Thielens, et al. 2013). SAR cannot be measured in the body of the actual subjects, 
therefore, we have chosen to model the SAR using numerical simulations. To this aim, we 
have used the finite-difference time-domain (FDTD) technique in the software package 
Sim4Life (ZMT, Zürich, Switzerland). In this software, we have chosen to model the human 
body by the Duke phantom from the virtual family (Gosselin et al., 2015). This is a 
heterogeneous phantom consisting out of 81 tissues. The tissue properties were obtained from 
the Gabriel database (Gabriel, 1996). The exposure setup in the FDTD simulations is similar 
to the one described in Gosselin et al. (2014). The phone was modeled as a dipole antenna 
parallel to the phantom’s main axis. Figure 2 shows the simulation setup. 
 
 
Figure 2. Simulation setup using the Duke phantom (Gosselin et al., 2014) in two 
configurations: (a) and (b) show the ‘At Ear’ configuration from a right and front view, 
respectively, while (c) and (d) show the simulations used to model the ‘Speaker’ and 
‘Headset’ exposure conditions for a right and front view respectively. The shown dipole 
antenna (grey) resonates around 897 MHz. 
 
Two different dipole antennas were used based on the designs presented in Aminzadeh et al. 
(2016): one that resonates (power reflection coefficient less than -10 dB in free space) at 
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897 MHz and a second one that resonates at 1800 MHz both were fed with a 50 Ohm input 
impedance. The dipole for 897 MHz was modeled as two perfectly conducting cylinders of 
7.5 cm with a 1.5 mm radius and a feeding gap of 1 mm in which a voltage source was placed. 
The dipole for 1800 MHz was modeled as two perfectly conducting cylinders with length 
36.35 mm and radius of 1.5 mm, again with a feeding gap of 1 mm in which a voltage source 
was placed. The ‘At Ear’ exposure condition was modeled by placing the dipoles parallel to 
the phantom’s main axis at 1 mm next to Duke’s right ear. The dipoles were then rotated 
45°in a Sagittal plane with the upper cylinder rotating towards the back of the head, see 
Figure 2 (a).  The other exposure conditions were modeled by placing the center of the 
dipoles in front of the phantom at 50 cm from the phantom’s back at a height of 141 cm 
above the bottom of the phantom’s feet. The dipole was centered w.r.t. the phantom’s 
bounding box and was rotated 45° in the mid-sagittal plane with the top cylinder rotating 
away from the phantom, see Figure 2 (c).  The full simulation domain was discretized with 
grid steps of 0.5 mm for the dipole, 1.5 mm for the phantom, and adaptive grid steps in the 
surrounding region. The full phantom was included in the simulations in anatomical upright 
position. Krayni et al. (2017) demonstrated previously that phone efficiency and induced 
SAR values show little or no difference between upright and sitting phantom posture. The 
dipoles are fed a harmonic, sinusoidal wave of amplitude 1 V at 50 Ohms at 897 MHz and 
1800 MHz, respectively. The simulations ran for 15 periods. After the simulation, the SAR 
values in the different tissues of the duke phantom were extracted. In order to determine 
SARbrain, we averaged the SAR over the following tissues: Cerebrospinal fluid, Cerebellum, 
Hippocampus, Pons, Commissura Anterior, Pineal Body, Corpus Callosum, Commissura 
Posterior, Cerebrum white matter, Thalamus, Midbrain, Hypophysis, Hypothalamus, Medulla 
Oblongata, and Cerebrum Grey Matter (Gabriel, 1996; Gosselin et al., 2014; Thielens et al., 
2013). These values were then renormalized to a TX power of 1 W. We chose not to model 
the wire of the headset in the ‘Headset’ configuration.  
 
2.5 Data Processing and Analysis 
The registered TX powers during each call were pooled for all participants, calls and 
frequencies, but split for the three exposure conditions, the two locations, and the 
communication technology. We chose to split the data for the two locations, since the 
coverage and link with the network might have been different. We chose to split the data for 
the different telecommunication technologies since they have distinctly different ranges of 
operation in terms of emitted power. We did not split the GSM results in 900 MHz and 1800 
MHz. A Wilcoxon Rank Sum (WRS) test and a two-sided Kolmogorov-Smirnov (K-S) test 
were then used to determine whether the TX power in different exposure situations on the 
same test site were significantly different (significance level of 5%). In a second step, all TX 
powers that were recorded for GSM were multiplied by the SARbrain values at the appropriate 
frequency and exposure condition. Those instances where WCDMA was used to establish 
communication were not treated for SAR, because we did not have full information on the 
used frequency during those events. However, they were considered for the analysis of 
emitted powers. The obtained SARbrain values were categorized in the same way and both a 
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WRS test and two-sides K-S tests were used to determine any differences between the 
SARbrain values under different test conditions. 
To analyze the influence of background noise and cell phone position on the outcome 
variables, mixed model linear regression was applied using the LME4 package of the 
statistical software R (The R Project, The R Foundation for Statistical Computing, Vienna, 
Austria). Different models were built separately for the seven different outcome variables of 
interest: SARbrain value (1), sound exposure level measured by the free-field microphone (2) 
and in the ear (3), speech intelligibility scores (4), self-reports on how pleasant it was to listen 
to the speech (5), self-reported intelligibility of speech (6), and self-reported disturbance of 
the background noise during the experiment (7). For each of these models, the following 
steps were followed. By default in all the models, the participants were included as random 
factor, and the location at which testing took place (site 1 or site 2) was included as a fixed 
factor. Subsequently, for each of the models the influence of potential confounding variables 
(as obtained from the general questionnaire) was investigated: gender, age, dominant hand, 
occupation, preferred ear to hold a phone (left, right), preferred way of using the phone (at 
the ear, on speaker or with in-ears), and the average use of a phone. However, none of these 
variables appeared to be significant in any of the models (p > 0.05). Furthermore, the 
influence of the two main variables of interest was investigated: the background noise (no 
additional background noise (‘Quiet’ condition), car noise, train noise) and the position of the 
phone (‘at ear’, ‘speaker’, and ‘headset’). In addition, the interaction effect between 
background noise and position were also investigated. To calculate the respective p-values of 
main and interaction effects, single term deletion was used: a chi-squared test was performed 
on the difference in AIC (Akaike Information Criterion) value of the model with and without 
the fixed variable under study. When of interest, pairwise Tukey post hoc comparisons were 
carried out. 
Statistical model assumptions were verified by visual inspection of the residuals’ Q-Q plot 
together with the Shapiro-Wilk test and the Kolmogorov-Smirnov test. For all models, 
assumptions were comfortably met; only for the speech intelligibility scores residuals seemed 
to deviate slightly from the assumptions, especially based on the Q-Q plot and distribution of 
the residuals. Transformation of the outcome variable did solve this issue partially, but as the 
different models for the original and the transformed variable did not lead to different 
conclusions, results for the original untransformed variable are reported here. It should be 
noted that for speech intelligibility score (percentage of correctly identified words, not self-
reported speech intelligibility) the variation of the residuals clearly decreased with increasing 
score (scores close to 100 %). As this is especially an issue for quality of the predictions, and 
less for qualitative interpretation of the model, this model was maintained, nonetheless. 
Model-based parametric bootstrap was performed to visualize the model outcome, using the 
bootMer function from LME4. One thousand simulations were run for each model. In each 
simulation, new values of the random effects and the residual errors were generated. 
 
3. Results 
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3.1. TX Power Values 
Figure 3 shows the geometric averages of the powers emitted (TX power) during the 
registered calls. On test site 1, 287 calls used WCDMA and 235 used GSM. On site 2, the 
majority of the calls were executed using GSM, while only three calls (by two out of 24 
subjects) used WCDMA. The WCDMA TX powers measured on test site 2 are shown in 
Figure 3 for completeness, but were not processed further due to a lack of data. There were 
no WCDMA calls on site 2 in the “At Ear” configuration.  Overall, TX powers using GSM 
ranged from 16 dBm to 33 dBm on site 1 and from 11 dBm to 33 dBm on site 2, while TX 
powers using WCDMA ranged from -13 dBm to 9 dBm (only site 1) (Figure 3). 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 
11 
 
 
(a) 
 
(b) 
Figure 3: Emitted RF powers in three exposure conditions for (a) test site 1 and (b) test site 2. 
The bars indicate the geometric average TX powers, while the whiskers indicate the standard 
deviations on those averages. 
 
The emitted powers using GSM in the ‘At Ear’ situation were significantly higher (p < 0.05, 
KS and WRS test) than those in the other exposure conditions on both test sites. We attribute 
this to the additional loss (in the head and hands) that occurred when the subjects held the 
phone to the ear, which needed to be compensated for by increasing the emitted power in 
order to get the same received power at the base station. The same significant difference (p < 
0.05, KS and WRS test) was found for WCDMA on test site 1. Furthermore, a significant 
difference (p < 0.05, KS and WRS test) in TX powers was found between the two 
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measurement sites for GSM in each exposure situation, which justifies the separation in two 
different pools of data. Finally, the TX power during GSM technology usage was always 
found to be significantly higher (p < 0.05, KS and WRS test) than WCDMA. 
3.2. SARbrain Values 
Table 1 lists the SARbrain values (normalized to an antenna input power of 1 W) found in the 
two simulated exposure scenarios and for the two simulated frequencies. SARbrain is 100 to 
350 times higher in the ‘At Ear’ scenario, due to the shorter distance to the brain.  
Table 1. Simulation results of SARbrain for an input power of 1 W into one of the dipoles used 
to model the mobile phone. The configuration of the simulations is shown in Figure 2. 
 SARbrain (W/kg) 
 897 MHz 1800 MHz 
At Ear 0.132 0.233 
Headset and Speaker 1.4 x 10-3 6.65 x 10-4 
 
The normalized SARbrain values were then multiplied by the experimental GSM TX powers 
(Figure 3) in order to obtain the actual SARbrain values in the three studied exposure 
conditions for the two measurements sites (Figure 4). In Figure 4, the actual SARbrain values 
are presented on a logarithmic scale. 
 
Figure 4: Predicted mean SARbrain values for GSM calls (900 and 1800 MHz) in three 
exposure conditions on two test sites (29 subjects on site 1 and 24 subjects on site 2).The 
error bars depict the 95 % confidence intervals. 
 
The position of the phone (at the ear, with headset, on speaker) had a highly significant 
influence on SARbrain levels (p < 0.0001), as did the location (site 2 and site 1) where the 
experiment has been carried out (p < 0.0001). The influence of phone position was expected 
as both the simulated SAR in the ‘At Ear’ exposure condition and the TX power were higher 
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than in the other conditions. Also, the influence of the location was expected after analysis of 
the TX power, since the levels of TX were found to be different on both locations. Both 
variables position and location remained highly significant in an additive model containing 
the two variables (both p-values well below 0.001). Moreover, even the interaction effect 
between position and location appeared significant (p < 0.0001). Comparing the magnitude of 
the estimates of the model's fixed effects showed that estimates of the main effects were 
considerably larger than those of the interaction effects. This suggest that the significant 
interaction was merely a slight "correction" from the more pronounced effects of phone 
position and experiment's location on SARbrain values: SARbrain values for ‘speaker mode’ 
and ‘headset’ were slightly closer together for both locations compared to the difference in 
SARbrain values between locations for the phone held at the ear. Finally, as expected the 
background noise had no significant influence on SAR levels (p > 0.1) and this variable was 
not included in the final statistical model. 
3.3. Sound Pressure Level 
Figure 5 shows the measured Aurical SPL on a logarithmic scale (in dB) in the three RF 
exposure conditions and for three conditions of background noise. For the SPL measured by 
the Aurical microphone, the baseline model included the variable participant (random) and 
location (fixed). It should be noted that location had no significant effect in this model (p > 
0.1), but was kept nonetheless because of the known difference in background noise setup 
between the two locations. Introducing the variables background noise and phone position 
into the baseline models showed a strong interaction effect of these variable on the SPL 
measured by the Aurical microphone (p < 0.00001). 
 
Figure 5: Mean sound pressure measured by the Aurical microphone as a function of 
background condition and position of the phone. Error bars span the 95 % confidence 
interval. 
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Post-hoc testing showed that within a specific noise condition (quiet: no additional 
background, car, or train noise) SPLs were significantly higher when the phone was held at 
the ear compared to headset and speaker-mode (p < 0.001 for all relevant comparisons) and 
that SPLs with headset were significant higher than levels in speaker-mode (p < 0.001 for all 
relevant comparisons). 
When the phone was put in speaker-mode, we observed the clearest significant differences in 
SPLs in terms of variable noise conditions: levels when car noise was present were 
significantly higher than SPL levels with in train noise or without additional noise, and SPL 
levels in case of train noise were significantly higher than in the case without additional noise 
(p < 0.001 for all relevant comparisons). 
In the other two phone positions, levels for the different noise conditions were somewhat 
closer together (Figure 5). At the ear, the SPL levels with noise (car and train) present noise 
conditions clearly exceeded the levels without additional background noise (p < 0.001 for all 
relevant comparisons), but no significant difference was found between the levels in case of 
car noise and in case of train noise (p > 0.1). For the headset case, similar results were found 
(car noise vs quiet  p < 0.001; train noise vs quiet  p< 0.01; car noise vs train noise p > 0.1). 
3.4. Speech Intelligibility 
Figure 6 depicts the speech intelligibility as a function of background noise conditions (car 
noise, no added background noise, train noise) and the position of the cell phone. The 
experiment's location had no significant influence on speech intelligibility scores (p > 0.1). 
The position of the phone (at the ear, headset, on speaker) had a highly significant influence 
on speech intelligibility (p < 0.0001), as did the background noise condition (p < 0.0001). 
The interaction effect between position and location also appeared significant (p < 0.0001). 
 
Figure 6: Mean speech intelligibility score (%) as a function of position of the cell phone and 
background noise conditions. Error bars span the 95% confidence interval. 
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Tukey post-hoc testing confirmed that the ‘At Ear’ position resulted in the best listening 
conditions, cancelling out the difference between the different background noise conditions 
(p > 0.1 for all relevant post-hoc comparisons).  
In quiet conditions without additional background noise, the position of the phone had no 
significant effect on the speech recognition scores (p > 0.1 for all relevant post-hoc 
comparisons). For car background noise, the effect of the position of the phone appeared to 
be the most critical. When the phone was used on speaker, the speech recognition scores were 
the lowest, lower than at the ear (p < 0.001) and with a headset (p < 0.001). With a headset, 
speech recognition was still markedly lower compared to the ‘at-ear’ configuration (p < 
0.001). Finally, in the train noise case, the in-speaker mode delivered speech intelligibility 
results that were clearly worse compared to the ones for the ‘at ear’ and ‘headset’ (p < 0.001 
for all relevant comparisons) positions, but still significantly better than the ones for the car 
noise case(p < 0.001). Moreover, no significant difference between ‘headset’ and the optimal 
‘at ear’ conditions could be found (p > 0.1 for all relevant comparisons). 
3.5. Self-Reported Agreeability 
For the agreeability of listening to the speech (Figure 7), the baseline model included the 
variable participant (random) and location (fixed). As with the SPL model, location had no 
significant effect in this model (p > 0.1), but was kept nonetheless because of the known 
difference in background noise exposure between the two locations. Introducing the variables 
‘background noise’ and ‘phone position’ into the baseline models showed a strong interaction 
effect of these variable on the reported agreeability (p < 0.00001). 
 
Figure 7: Mean rating of agreeability of listening to speech as a function of position of the 
cell phone and background noise condition. The error bars depict the 95 % confidence 
interval. 
The position of the phone clearly had the strongest effect in the car noise case: the ‘At Ear’ 
position clearly had higher ratings compared to ‘Speaker’ (p < 0.001) and ’Headset’ (p < 
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0.001). However, no significant difference was found (p > 0.1) between ‘Speaker’ 
and ’Headset’. 
For the train noise case, the position of the phone had similar significant effects, albeit less 
pronounced. The largest difference was found between ratings ‘At Ear’ versus ‘Speaker’ (p < 
0.001). In addition, ratings for ‘At Ear’ were also better than those for ’Headset’ (0.05 > p > 
0.01). Finally, no clear difference was found between ratings of ’Headset’ versus ‘Speaker’ 
(0.1 > p > 0.05). 
Without additional background noise, the only systematic difference in rating of agreeability 
of speech was found between ‘At Ear’ and ‘Speaker’ (p < 0.001). For the other comparisons, 
no significant differences were found (p > 0.1 for all relevant comparisons). 
When the phone was held in the ‘At Ear’ configuration, no significant differences were found 
between ratings in the different background conditions (car, train, no additional background 
noise; p>0.1 for all relevant comparisons). 
Finally, when a headset was used or when the phone was used on speaker, rating were clearly 
less positive for car noise compared to quiet (p < 0.01 for all relevant comparisons) as well as 
compared to train noise (p < 0.01 for all relevant comparisons). Train noise was also rated 
less positive than the quiet condition (p < 0.01 for all relevant comparisons). 
 
4. Discussion 
 
4.1. TX Power Values and Analysis 
TX powers were recorded for 53 subjects at two different building sites in three different 
exposure conditions. We found higher TX powers when the smartphone was held next to the 
head in comparison to using a headset or calling in speaker mode. These results can be used 
as additional input for governmental institutions that issue guidelines on smart phone usage 
with the aim of lowering exposure.  
WCDMA TX powers have previously been reported in Persson et al. (2012), where median 
WCDMA output powers during voice calls of -17 dBm to -14 dBm were reported for a 
Swedish network of a relatively large group of users. Their data set was obtained for 
unregistered exposure conditions (modus of operating the phone), and at different locations in 
Sweden for more than 100k hours of call time. The interquartile range (50 % of all registered 
TX powers fall into this range) on the TX powers during voice calls in Persson et al. (2012) 
was more than 30 dB around the median, while the full range of measured powers was more 
than 55 dB. Our measured WCDMA data (-13 dBm to 9 dBm), for variable subjects, one 
location, and three exposure conditions, fall in the highest quartile of their measured data. 
Note that our measurements were executed in an indoor environment, where TX powers 
towards the outdoor network are expected to be higher than outdoors. In Joshi et al. (2015), 
mean and median values of 5 dBm and -11.5 dBm, respectively, were reported for WCDMA 
voice calls in India. Our measurement data (-13 dBm to 9 dBm for WCDMA) are in the three 
upper quartiles of the distribution for voice calls presented in Joshi et al. (2015). Lonn et al. 
(2004) reported TX power using GSM voice calls in Sweden in four defined areas (rural, 
small urban, suburban, and city). They found median TX powers between 18 dBm and 21 
dBm in ‘suburban’ and ‘city’ areas during weekdays, which is in between the median values 
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we observed for test site 1 (23 dBm to 32 dBm) and site 2 (13 dBm to 17 dBm). Kühn and 
Kuster (2013a) did not report absolute values for GSM and WCDMA calls in Switzerland, 
but found similar differences between GSM and WCDMA as in this study (Figure 3). In 
Aerts et al. (2015), the same application was used to record the emitted powers during GSM 
voice calls for a single subject in a moving train to the fixed network outside the train. A 
median emitted power of 18¬21 dBm was reported for GSM on the train. The median values 
measured in this study ranged from 23 dBm to 32 dBm on site 1 and from 13 dBm to 17 dBm 
on site 2, depending on the subject and exposure situation.  
Kelsh et al. (2011) also found large differences between the average emitted powers during 
GSM and CDMA phone calls: 10 – 20 dB in Rural, Suburban, and Urban scenarios. These 
differences are smaller than what we observed. Kelsh et al. (2011) also show that the average 
differences between GSM and CDMA are larger in stationary conditions than in moving 
scenarios, which could partly explain why we find larger differences in our stationary 
measurements than what was found by Kelsh et al. (2011). 
The calls made in this study are relatively short. Therefore, the elevated higher powers during 
initialization of a GSM call (Aerts et al., 2015) could have more relative weight in the 
determination of the geometrically averaged TX power in comparison to longer calls. 
In general, the comparison with literature above shows that our measured TX powers are 
realistic for the used technologies, configurations, and locations. The aforementioned 
references do show that there is a relatively large spread (> factor 1000) in TX power values 
that can be found in literature. 
4.2. SARbrain Values and Analysis 
Since the measured TX powers were significantly higher for the ‘At Ear’ exposure situation 
(Figure 3) we expected the SARbrain values to be significantly higher as well. Additionally, 
higher SAR values in the head were found for antennas near the ear in comparison to the 
other two exposure scenarios (approximately a factor 100 higher, Table 1). Obviously, these 
results are not valid for other SAR metrics. For example, the whole-body averaged SAR 
could be higher in the ‘Speaker’ or ‘Headset’ scenario – this depends heavily on the antenna 
in the mobile phone and its directivity towards the body in all exposure situations as well as 
the dielectric properties (conductivity) of the head tissues which are dependent on parameters 
like subject’s age and gender.  
Table 1 lists the SARbrain values obtained from FDTD simulations. We found higher SARbrain 
values in the ‘At Ear’ exposure conditions than in the other exposure condition for both 
studied frequencies: a factor 94 higher at 897 MHz and a factor 350 at 1800 MHz, for the 
same input power. This was expected since higher electric fields in the brain were expected 
for a dipole closer to the head. Additionally, we found a higher SARbrain at 1800 MHz in 
comparison to 897 MHz for the ‘at ear’ position. This is in line with Gosselin et al. (2011) 
where a higher head-averaged SAR was found for dipoles resonating at 1800 MHz in 
comparison to dipoles resonating at 900 MHz in five different phantoms in different ‘At Ear’ 
configurations. It should be noted that in the same study (Gosselin et al., 2011) numerical 
simulations were executed for four real phones. For those simulations with realistic phone 
models, the SARbrain at 900 MHz was found to be either higher than or comparable to the 
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SARbrain at 1800 MHz. Adibzadeh et al. (2015) found higher SARbrain at 843 MHz versus 
1900 MHz induced by a monopole-type cell phone held at the cheek of an adult male 
phantom. The same study lists an overview of uncertainties associated with region specific 
SAR, such as SARbrain, and lists maximal variations of 18 dB caused by phone type and 17 
dB caused by head morphology. We expect similar uncertainties on our SARbrain values. 
Although these uncertainties are relatively large, they are still smaller than the difference 
between SARbrain in the ‘At Ear’ and SARbrain in the other configurations (Table 1).  
Porter et al. (2004) found higher peak 10g averaged SARs in a phantom’s head when a phone 
was placed next to the ear in comparison to when a hands-free kit is used. Porter et al. [2003, 
2004] also demonstrated that the configuration of such a wire w.r.t. the head strongly 
influences the peak 10g averaged SAR. They find that in conditions of maximal coupling 
between the wired headset and the phone the SAR is between a factor 2 – 4 lower than when 
the phone is held in the at ear configuration. This factor is lower than the differences, factors 
of 100 to 30 difference, we found between the “At Ear” and “Headset” configurations. 
However, the configurations used in our study are different from the worst-case coupling 
configurations and as we show in Fig. 3. The TX power in the ‘At Ear’ configuration is 
higher, so even in the unlikely event that the normalized, simulated SARbrain values would be 
the same for the “At Ear” and ‘Headset’ configurations, the effective SARbrain values 
(normalized to the measured TX powers) would still be lower in the ‘Headset’ configuration.  
 
Krayni et al. (2017) found higher whole-body averaged SARs normalized to an output power 
of 1 W for a mobile phone emitting at 900 MHz at the ear in comparison to a tablet emitting 
at 1.9 GHz in front of the body. We find similar differences between SARbrain obtained for the 
‘at ear’ configuration at 897 MHz and SARbrain in the other two configurations at 1800 MHz.  
Krayni et al. (2017) found no difference in whole-body average SAR and radiation efficiency 
of the phone in sitting and standing positions. This justifies our choice to numerically model 
the phantom in upright position. 
Our results, displayed in Figure 4, showed that SARbrain can be reduced when a phone is used 
with a headset or in speaker mode. These results are important for other studies that 
investigate effects of RF exposure on brain functionality. 
4.3. Speech Intelligibility and Sound Exposure 
Holding the cell phone at the ear appears to be the most favourable position for speech 
perception (Figures 6 and 7). In this position, the highest speech intelligibility scores in 
background noise (train/car) were obtained. Moreover, the influence of noise appeared to be 
altogether negligible, as no difference could be found between scores in background noise 
and in quiet. These findings were further confirmed by self-report on how agreeable it is to 
listen to the speech. Figure 6 suggest that there might have been ceiling effects in the speech 
intelligibility measurements. Participants with normal hearing will perform close to optimal 
in some conditions, which might lead to similar results in those conditions. 
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Yet, the ‘at ear’ position is the situation with the highest sound pressure levels measured at 
the eardrum (Figure 5). It should be noted that the recorded level is the overall level (speech 
plus noise if present) and that the participants were asked before each test condition to adjust 
the speech level to a comfortable listening level. On average, 82.4 dB was measured at the 
ear in the quiet condition, 86.9 dB with train noise, and 88.5 dB with car noise. As these are 
levels at the eardrum, which would have to undergo head-related transfer functions in order 
to scale them to free-space levels, these values are not directly comparable to directives for 
safe sound exposure levels which are all set for free/diffuse field exposure (Hammershøi and 
Møller 2008). However, for speech, the difference between in-ear and free-field levels can be 
estimated to be around 6 dB based on previous work with a similar measurement setup 
(Bockstael et al. 2011). Based on this conversion, exposure levels fully complied with the 85 
dB(A) level deemed to be safe for 8-hours exposure according to the European Directive for 
occupational noise exposure (“Directive 2003-10-EC on the Minimum Health and Safety 
Requirements Regarding the Exposure of Workers to the Risks Arising from Physical Agents 
(Noise)” 2003). Nonetheless, even with free-field conversion, the measured levels did not fall 
below the critical levels of 74 dB (for 4000 Hz) and 78 dB(A) (for broadband noise) at which 
temporary threshold shifts are found for 8-hour exposure (Mills, Adkins, and Gilbert 1981). 
Therefore, based on this work, a risk from auditory effects from long-lasting exposure to cell 
phone conversation in background noise cannot be ruled out. However, it is unlikely for 8-
hour-long calls to be made. To date, mixed findings have been reported on a potential risk of 
hearing loss due to noise sound exposure from making phone calls; some studies reported no 
effect (Sagiv et al. 2018), whereas others found changes linked to cell phone use for specific 
audiological parameters (Panda et al. 2011). 
4.4. Simultaneous Exposure to RF-EMF and Sound Pressure 
Both in terms of RF exposure (Figure 4) and sound pressure exposure (Figure 5) using the 
cell phone on speaker appears advantageous, with SPLs well below potentially unsafe levels 
(quiet: on average 68.4 dB; train noise: 75.6 dB; car noise: 79.1 dB), especially when taking 
in account a factor of 6 dB between eardrum and free field levels. In addition, using the 
phone hands-free was found to be advantageous for general driving conditions as it reduces 
motor interference from manipulating and holding the phone, thus giving drivers a better 
control over their vehicle (Collet, Guillot, and Petit 2010). 
Despite these advantages of using the cell phone on speaker, this condition has a clear 
negative effect on speech perception in background noise, see Figure 6. In quiet conditions, 
no significant decrease in speech intelligibility was seen, but the speech recognition  scores 
dropped significantly in car noise and to a lesser extent also in train noise (Figure 6). The 
different effects of car noise and train noise found in this study can most probably be 
attributed to a difference in signal-to-noise ratio, as the car noise was clearly more elevated 
than the train noise (respectively 57.4 dB(A) and 70.0 dB(A) for Leq over 10 minutes). 
Speech recognition scores decline strongly for decreasing signal-to-noise ratio once a critical 
noise level is surpassed (Neuman et al. 2010). 
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Finally, the listening condition with a headset takes an intermediate position. The SPLs are 
higher than ‘speaker’, but clearly lower than ‘at ear’. Because the headset allowed to play the 
speech signal in both ears – and not only on one side as during the ‘at ear’ position – 
participants might have perceived a more advantageous signal-to-noise ratio because of the 
binaural listening advantage (Robinson and Dadson 1957), and therefore, might have lowered 
the playback level of the speech signals in this condition.  
Despite this theoretical listening advantage, speech intelligibility is markedly lower than 
when the phone is held at the ear, especially in car noise, albeit still better than in speaker 
mode. At this point, technical failure in the phone-headset combination cannot be ruled out. 
For instance, it is possible that the noise was picked up by the cell phone microphone (not 
shielded) and somehow played back together with the speech, especially degrading the 
speech signal in the condition with the highest noise level (car). Another possible explanation 
is that participants increased the level of the speech in the ‘at ear’ condition, also based on the 
noise level they heard in the contralateral ear. This would de facto result in a more 
advantageous signal-to-noise ratio at the side where the phone was held, because that ear is 
much more shielded from the background noise than the contralateral ear. In addition, it is 
known that a clear separation between signal and noise (one ear predominantly exposed to the 
noise, the other predominantly exposed to speech) improves speech intelligibility (Bockstael 
et al. 2011). Especially in highest levels of background noise (car), shielding and spatial 
separation would have the most distinct effect and improve speech intelligibility scores. 
Further research with other types of headsets is needed here. 
5. Conclusions  
In this study, the transmitted radio-frequency electromagnetic field (RF-EMF) power was 
recorded for 53 subjects who carried out phone calls in three controlled exposure scenarios: 
calling with the phone at the ear, calling in speaker-mode, and calling with a headset. Phone 
calls were carried out using the Wideband Code Division Multiple Access (WCDMA) and 
Global System for Mobile communication (GSM) technologies. For both communication 
technologies, the emitted power of the phone at the ear was higher than the emitted power in 
the two other exposure conditions. Moreover, Finite-Difference Time-Domain simulations for 
a fixed emitted power showed that the brain-averaged specific absorption rate (SARbrain) was 
higher when the emitting antenna was located close to the ear than in speaker-mode and 
headset (94 to 350 times higher). The SARbrain values were then rescaled using the measured 
powers emitted using GSM technology during the experiments in order to estimate the RF-
EMF absorption in the three studied scenarios. It was concluded that the SARbrain will be 
reduced by more than a factor 100 when either speaker-mode or a headset are used, in 
comparison to calling next to the ear. These results can be used as additional input for 
governmental institutions that issue guidelines on smart phone usage with the aim of 
lowering exposure. Furthermore, in conditions where background noise was present, speech 
perception was found to be the best when the phone was held at the ear in comparison to 
using the phone in speaker mode or with a headset. However, the exposure to sound pressure 
was also found to be the highest in the at-ear configuration, while it was lowest with the 
phone in speaker mode. Overall, the speaker-mode condition was found to be the 
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configuration in which both exposures to RF-EMFs (in terms of SARbrain) and sound pressure 
were lowest, although reducing exposure by changing to this configuration does come at a 
cost in terms of speech intelligibility, in particular in noisy environments. Using a wired 
headset, on the other hand, was found to significantly reduce SARbrain while only reducing 
speech intelligibility by a small, yet significant in noisy conditions, amount in comparison to 
using the phone at the ear. These results are important for smartphone users that might be 
concerned about both exposure during their calls and about the quality of their calls. 
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Table 1. Simulation results of SARbrain for an input power of 1 W into one of the dipoles used to 
model the mobile phone. The configuration of the simulations is shown in Figure 2. 
 SARbrain (W/kg) 
 897 MHz 1800 MHz 
At Ear 0.132 0.233 
Headset and Speaker 1.4 x 10-3 6.65 x 10-4 
 
Table
 Figure 1. Illustration of the exposure set up. 
 
Figure 2. Simulation setup using the Duke phantom (Gosselin et al., 2014) in two 
configurations: (a) and (b) show the ‘At Ear’ configuration from a right and front view, 
respectively, while (c) and (d) show the simulations used to model the ‘Speaker’ and ‘Headset’ 
exposure conditions for a right and front view respectively. The shown dipole antenna (grey) 
resonates around 897 MHz. 
Figure
 (a) 
 
(b) 
Figure 3: Emitted RF powers in three exposure conditions for (a) test site 1 and (b) test site 2. 
The bars indicate the geometric average TX powers, while the whiskers indicate the standard 
deviations on those averages. 
 
Figure 4: Predicted mean SARbrain values for GSM calls (900 and 1800 MHz) in three exposure 
conditions on two test sites (29 subjects on site 1 and 24 subjects on site 2).The error bars depict 
the 95 % confidence intervals. 
 
Figure 5: Mean sound pressure measured by the Aurical microphone as a function of 
background condition and position of the phone. Error bars span the 95 % confidence interval. 
 Figure 6: Mean speech intelligibility score (%) as a function of position of the cell phone and 
background noise conditions. Error bars span the 95% confidence interval. 
 
Figure 7: Mean rating of agreeability of listening to speech as a function of position of the cell 
phone and background noise condition. The error bars depict the 95 % confidence interval. 
 
